Introduction
During the last decade, the importance of non-ocean radar altimetry has been demonstrated. Applications include the study of ice sheet topography, mass balance and dynamics, sea ice extent, land and inland water studies, and their relationship to climate change (Rapley et al. 1983 ; Guzkowska et al. 1990 ; Laxon 1990).
The European Space Agency's ERS-1 remote sensing spacecraft carries a radar altimeter using two distinct operating modes, each featuring a novel control system. Space-borne radar altimeters are pulsed radars which must maintain the returned echo within a 'range window' consisting of a number of discrete echo samples, or 'range gates'. Parameters such as range, significant waveheight, windspeed, and backscatter coefficient can then be derived from the receiver automatic gain control (AGC) setting and the echo shape. To ensure that the returned echo will be positioned correctly within the range window, an et[5 tracking algorithm is used to predict the time of the next echo, and to smooth the range estimates (Cadzow, 1973) . When the echo is correctly positioned within the range window, the instrument is said to be 'in-lock'. Over undulating surfaces, the tracker may be unable to follow the range and backscatter variations, and will effectively lose the leading edge of the echo from the range window. Such an event is known as 'loss of lock', and the altimeter must therefore re-acquire the surface.
The operating modes of the ERS-1 altimeter have range- It is important, in terms of coverage of in-lock data and tracking precision, to compare the performance of the ocean mode over non-ocean surfaces with that of the earlier missions, so that the applicability of the ERS-1 data to geophysical problems may be assessed. It is also necessary to assess the ice mode, which has not been implemented on a space-borne altimeter before. For a given application, we -wish to know which of the two modes best suit the scientific requirements of ESA's Investigators, as an input to current and future mission planning.
As part of the ERS-1 Commissioning Phase activities, we have investigated the performance of the two tracking modes over non-ocean surfaces. Raw instrument data were made available by ESA from a period of operation following completion of the primary instrumental adjustments. The available data consisted of 6 days of data in ice mode (28th December 1991 to 3rd January 1992), and 3 days of data in ocean mode, covering the same ground tracks as the ice mode data, from 27th to 29th January 1992.
Assessment Method
The 'tracking mode flag' telemetered in the instrument data is not a reliable indicator of good data, since tracking may continue for some time when no return echo leading edge is present in the range gates ( 
Results and Discussion
The results of the study are presented in Table 1 as percentages of 20Hz data along the total orbit track which satisfy the assessment criteria for the areas of interest. There was great variability of performance over each surface type considered, as can be seen in Figure 2 . Table 2 The measured height precision in ice versus ocean mode is in accordance with theory which predicts that, in ice mode, the reduction of range resolution by a factor of 4 should result in a two-fold decrease in height precision. The accuracy of altimetric height measurements is usually dominated by orbit error, and the ionospheric and tropospheric delays must also be taken into account. In addition, signal penetration of the ice surface can introduce a bias in the height estimate of up to lm (Ridley and Partington 1988).
For climate change monitoring of the undulation-free areas of the ice sheet plateaux, it is necessary to be able to detect an elevation change of less than 0.05m/year (Robin 1983 Due to lack of data, it was not possible to assess lake tracking precision by the same repeat track analysis as used for the ice sheets. The adopted method was to calculate the standard deviation of the retracked height measurements about a mean lake height. This method assumes that the lake is flat, and therefore ignores the effects of wind set-up and lake geoid variation. From the set of lake measurements, the tracker precision varied between 6 and 32 cm in ocean mode, and 5 and 106 cm in ice mode. The poorer tracker precisions in ice mode were correlated with incidences of tracker oscillation due to mountainous terrain surrounding the lakes.
To use lake levels as a proxy climate indicator, it is necessary to be able to measure these levels to an accuracy of approximately +_25cm (Mason et al, 1985) . The measurements across the lake must therefore be averaged. In addition to the effects of the surrounding terrain, the accuracy of these lake level measurements is normally dominated by orbit error, and hence it is essential to reduce the orbit error to better than +10cm if possible.
Conclusions
The performance of the ice and ocean tracking modes, combined with the ability to switch between them, suggests that the scientific potential of the ERS-1 altimeter mission is high over all land and land-ice surfaces. The ice mode provides a high percentage of good waveform data from The "mode flag" column refers to all data flagged as in lock by the instrument tracking mode flag. The "lead.ing edge" column refers to all data possessing a waveform with a leading edge, and therefore truly in lock. The figures in brackets are estimated values following the software modification to the on-board tracker canSed out on the 23rd October, 1992, for ocean mode, and on the 4th December, 1992, for ice mode. The modifications did not affect adversely the performance over land ice and ocean. indicates that an orbit error of 10cm has been assumed in deriving altimetric height accuracy. indicates that the worst case measured altimeuSc precision has been used. indicates that no measurement was made during the current study.
indicates that no requirement is applicable, or no measurement could be made or was applicable.
surfaces poorly tracked by previous altimeters. This will further increase the scope of non-ocean altimetry in the areas of ice and land topography, and ice mass-balance studies. The anomalies discovered during the course of the study have, for the most part, been successfully addressed by ESA.
